ABSTRACT: MitoNEET is a 2Fe-2S outer mitochondrial membrane protein that was initially identified as a target for anti-diabetic drugs. It exhibits a novel protein fold, and in contrast to other 2Fe-2S proteins such as Rieske proteins and ferredoxins, the metal clusters in the mitoNEET homodimer are each coordinated by one histidine residue and three cysteine residues. The interaction of the ligating His87 residue with the 2Fe-2S moiety is especially significant because previous studies have shown that replacement with Cys in the H87C mutant stabilizes the cluster against release. Here, we report the resonance Raman spectra of this naturally occurring Fe 2 S 2 (His)(Cys) 3 protein to assess local structural changes associated with cluster lability. Comparison of mitoNEET to its ferredoxin-like H87C mutant indicates that Raman peaks in the ∼250-300 cm -1 region of mitoNEET are influenced by the Fe-His87 moiety. Systematic pH-dependent resonance Raman spectral changes were observed in this spectral region for native mitoNEET but not the H87C mutant. The ∼250-300 cm -1 region of native mitoNEET is also sensitive to phosphate buffer. Thus, conditions that influence cluster release are shown here to concomitantly affect the resonance Raman spectrum in the region with Fe-His contribution. These results support the hypothesis that the Fe-N(His87) interaction is modulated within the physiological pH range, and this modulation may be critical to the function of mitoNEET.
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Thiazolideinediones (TZDs), 1 such as pioglitazone and rosiglitazone, make up a class of compounds for the treatment of type II diabetes. A novel mitochondrial target of TZDs, mitoNEET, was first reported in 2004 as a result of cross-linking studies with a TZD photoprobe (1) . Potential medical implications of this protein and its interaction with anti-diabetic drugs motivated subsequent studies on mitoNEET. Crystallographic studies of the soluble domains of mitoNEET revealed that it forms a homodimer with two 2Fe-2S metal clusters, each of which is ligated by three cysteine residues and one histidine residue (2) (3) (4) . This structural motif, shown in Figure 1 , is unusual among naturally occurring 2Fe-2S cluster binding proteins (5); until now, essentially all known 2Fe-2S proteins have been observed with (Cys) 4 or (Cys) 2 (His) 2 ligation environments, termed ferredoxins or Rieske-type proteins, respectively. In addition to the Fe 2 S 2 (His)(Cys) 3 metal cluster, mitoNEET exhibits a novel fold motif consisting of two protomers (2) (3) (4) . The fact that mitoNEET is a 2Fe-2S protein with metal cluster geometry distinct from that of ferredoxins or Rieske-type proteins combined with this protein's possible role in diabetes makes it an important target of investigation.
MitoNEET has been suggested to play an important role in metal cluster or electron transfer reactions (2), although its biochemical function has not yet been determined (6) . In either role, the protonation state of local residues is critical; low pH facilitates release of the metal cluster and influences the redox potential (7) (8) (9) (10) (11) . The pH dependence of mitoNEET cluster stability and redox potential and the importance of the single His87 ligand have already been demonstrated (12, 13) . It has also been shown that the metal cluster is stabilized upon addition of TZD or phosphate buffer, suggesting that TZDs play a role in regulating the release rate of the 2Fe-2S clusters (2, 12, 14) . Other spectroscopic studies on mitoNEET and mutants have been performed with visible absorption, NMR, EPR, and mass spectrometry (2, 12) . Here, we present a resonance Raman analysis of the native form and the ferredoxin-like H87C mutant mitoNEET as a function of pH and in two different buffers to assess structural changes of the metal cluster under conditions that enhance metal lability.
MATERIALS AND METHODS
Sample Preparation. Cytoplasmic domains of native and H87C mitoNEET were constructed, expressed, and purified as described previously (2, 12) . In the H87C mutant, the single histidine ligand of the 2Fe-2S cluster in native mitoNEET was replaced with cysteine to create a 2Fe-2S cluster bound by four cysteine residues. This ferredoxin-like H87C mutant was previously shown to retain the 2Fe-2S cluster, and the cluster is less labile than native mitoNEET (see below). Crystals were grown from the H87C samples, and the optical A 280 /A 458 ratio was near 2.3, indicating a high level of sample purity. Stock protein solutions were stored at concentrations of >1 mM and diluted to 100-200 μM in either 100 mM phosphate or Tris buffer at the indicated pH for resonance Raman measurements. All samples were analyzed in the oxidized state as isolated. Mastigocladus laminosus ferredoxin (mFd) was expressed and purified as previously described (15) .
Stability of the 2Fe-2S Cluster. It was previously shown that the 2Fe-2S cluster of native mitoNEET is labile and that the rate (defined as the reciprocal of the half-life of visible absorption) of cluster loss is first-order with respect to proton concentration (12) . Since the 2Fe-2S metal center of mitoNEET has strong visible absorption bands, the cluster loss was monitored by the disappearance of the visible absorbance peak near 460 nm. Decay curves and fits are presented as Supporting Information.
Resonance Raman Spectroscopy. Laser excitation was provided by the 514.5 nm line of a mixed-gas Kr-Ar laser. The 50-75 mW beam was focused into a 1.5-1.8 mm OD capillary that contained protein sample. Although sequential 1 min spectra exhibited a gradual decrease in baseline and peak intensities (as much as 40%), no peak shifts, relative intensity changes, or new peaks were observed during the entire course of a 2-4 h experiment. Buffer peaks in the Raman spectra showed intensity variation as a function of pH; these systematic changes provided a convenient probe of the pH in the ∼40 μL solution in the capillary. Low-temperature (140-150 K) Raman spectra were recorded using a Harney-Miller cell. Comparison of the room-and low-temperature resonance Raman spectra indicated only minor differences (Supporting Information), which is consistent with previous reports on similar systems (16, 17) . Power dependence experiments of room-temperature samples revealed no changes in peak position, width, or relative intensity at powers pertinent to the current experiments. The magnitude of the Raman signal from mitoNEET and mFd increased linearly with incident power up to 50 and 100 mW, respectively (Supporting Information). Raman-scattered photons were focused onto a 100 or 170 μm entrance slit (4 or 7 cm -1 bandpass, respectively) of an F/6.9, 0.75 m spectrograph equipped with a 1200 grooves/mm diffraction grating blazed at 500 nm. Reported energies are accurate to (2 cm -1
. Raman spectra were fit with Gaussian peaks using a least-squares fitting technique. Here, we present fits that employed the minimum number of peaks and/or are consistent with previous studies.
RESULTS
Resonance Raman Spectra of Oxidized Native Mito-NEET, H87C MitoNEET, and mFd. Resonance Raman spectra of mitoNEET were recorded in buffered solutions at room temperature to better mimic the conditions observed in vivo. The spectra ( Figure 2 ) can be divided into three regions: region I (∼250-300 cm ). Region I of mitoNEET shows significant variation in shape and composition relative to a more typical (Cys) 4 -coordinated 2Fe-2S cluster exemplified by H87C mitoNEET and ferredoxin from M. laminosus (mFd). Another spectral difference between the native form and H87C is a peak at 490 cm -1 that is observed in H87C but absent in mitoNEET spectra. This peak may be attributed to a combination band involving the intense 270 cm -1 mode; such combination bands involving the 270 cm -1 peak have been reported in other 2Fe-2S proteins (18) . The lack of an intense peak at ∼270 cm -1 in native mitoNEET is consistent with the absence of an analogous combination band near 490 cm -1 in its spectrum. The (Cys) 4 proteins, H87C mitoNEET and mFd, generally exhibit similar spectra with the exception of the 420 cm -1 peak that is absent in H87C mitoNEET. This band has been assigned to a mode that primarily involves bridging S atoms, and differences in intensity have been attributed to modification of the cluster symmetry (18-20). (2) . The 2Fe-2S cluster ligating residues are labeled. The color scheme is as follows: red for oxygen, blue for nitrogen, yellow for sulfur, and brown for iron. The Fe and S atoms of the cluster are shown as spheres. Spectra were also recorded at low temperatures that are typical of other resonance Raman studies of ferredoxin and Rieske proteins, and the results confirm that essentially all peak positions are insensitive to temperature (Supporting Information). The most significant spectral change at low temperatures was a decrease in peak width, which is expected. Previously published ferredoxin spectra exhibit a wide variety of spectral shapes and peak positions (19, 21, 22) . The pH 7.5 spectrum of mFd in Figure 2 was resolved into seven peaks in the region between 250 and 450 cm -1 and shows strong correlation to previously published spectra of ferredoxin from Porphyra umbilicalis (red algae) and bovine adrenodoxin (22) . The Gaussian fits and correlation to previous ferredoxin data are summarized in Supporting Information.
Effects of pH on the Resonance Raman Spectra of MitoNEET. Motivated by our previous observation of pH-dependent cluster lability, we investigated the resonance Raman spectra of native and H87C mitoNEET in phosphate buffer at pH 8.0, 7.5, 7.0, and 6.2. Over this pH range, the rate of cluster loss varies more than 300-fold. The most significant pH-dependent spectral changes were observed in region I. Figure 3A 
. Peak b did not show a systematic shift. The relative intensities of these region I peaks also exhibit a pH dependence. Specifically, the intensity ratio I a /I c changed significantly and systematically from 2.8 (pH 8.0) to 0.7 (pH 6.2).
Minor differences appear in regions II and III. Region II was decomposed into four Gaussian bands, but no pH-dependent, systematic shifts were observed within 2 cm . There were, however, small variations in intensity. For example, the highfrequency shoulder near 335 cm -1 gained intensity at pH 6.2, evidenced by the evolution of the sharp ∼330 cm -1 peak in Figure 3A to a broad plateau at low pH in Figure 3D . Region III likewise displays only minor pH dependence.
Resonance Raman spectra of H87C mitoNEET at pH 8.0, 7.5, 7.0, and 6.2 are shown as traces E-H, respectively, of Figure 3 . In contrast to native mitoNEET, the H87C mutant did not display significant spectral variations with pH. Region I was decomposed into two Gaussian components because of the asymmetry of the observed band. The peak positions and intensity ratios of these two Gaussian bands, denoted d and e in Figure 3 , show minimal variability at these pH values; the intensity ratio I d /I e did not exhibit a systematic trend as a function of pH which was observed in the native mitoNEET spectra. The band positions and relative intensities of regions II and III do not vary as a function of pH.
Effects of Buffer on the Stability and Resonance Raman Spectra of MitoNEET. The rate of cluster loss was also found to be dependent on buffer type. The rate of decay was ∼10-fold slower in phosphate buffer (Supporting Information) than in Tris buffer at the same pH (12, 14) . Resonance Raman spectra of native and H87C mitoNEET in phosphate and Tris buffers are displayed in Figure 4 . Structural variations because of buffer interactions are observed for native, but not H87C, mitoNEET; these alterations are localized to region I of the resonance Raman spectra.
DISCUSSION
Few spectroscopic studies of mitoNEET have been reported because of its relatively recent discovery and the unexpected finding that mitoNEET harbors 2Fe-2S clusters (1-4, 12, 23 ). In addition, the naturally occurring Fe 2 S 2 (His)(Cys) 3 motif found in mitoNEET has been reported in only one other protein, a mutant form of the FeS scaffold protein IscU (24) . Several related and engineered (25) ferredoxin and Rieske systems have been studied by resonance Raman spectroscopy (19, (26) (27) (28) . However, the current report is the first Raman analysis of a naturally occurring (His)(Cys) 3 binding motif in a 2Fe-2S cluster binding protein.
The visible absorption bands of 2Fe-2S cluster proteins arise from a ligand-to-metal charge transfer, and the vibrational spectra are complex; normal modes involving terminal and bridging ligands have been identified by resonance Raman spectroscopy (19, 21, 22, 27, 29, 30) . The absorption spectra of native and H87C mutant mitoNEET are similar at wavelengths above 500 nm, suggesting that replacement of histidine with cysteine does not significantly perturb the electronic transitions. The similarity of the absorption spectra, especially in the region near excitation, implies that resonance enhancement effects will be similar between native and H87C mitoNEET.
Contribution of Fe-His87 Modes to Region I (∼250-300 cm -1 ) of the Resonance Raman Spectrum of Mito-NEET. The primary modes of interest in this pH study are those involving the Fe-His moiety since His87 was shown to be important for tuning both the lability and redox potential (12, 13) . We hypothesize that loss of the metal cluster at low pH is likely due to weakened interaction between His87 and the 2Fe-2S cluster. Previous experimental studies suggest that localized Fe-N modes in Rieske-type centers are found in the 200-300 cm -1 region (26, 27, 31) . However, other pH and isotope data support the existence of delocalized modes involving extensive coupling of backbone groups to the metal cluster and ligating residues in the low-frequency region (200-300 cm -1 ) (21, 25, 32) . To the best of our knowledge, there is no detailed vibrational analysis of a Fe 2 S 2 (His)(Cys) 3 cluster, and we are currently pursuing this analysis via isotopic substitution experiments and calculations. Preliminary data of mitoNEET Figure 2 illustrates that replacement of the single histidine residue in mitoNEET with a cysteine residue causes significant spectral modifications predominantly in region I. Specifically, the broad set of three peaks at ∼267, 284, and 293 cm -1 in native mitoNEET transforms to two sharp peaks separated by only ∼5 cm -1 in the ferredoxin-like mutant. This observation combined with the lack of global protein conformational differences between the crystal structures of native and H87C mitoNEET (33) illustrates that the peaks in region I of native mitoNEET are influenced by the presence of the Fe-His moiety.
The localized effects of pH on native and H87C mutant spectra further corroborate the interpretation that the Fe-His moiety may influence the low-frequency 250-300 cm -1 region of mitoNEET. The systematic pH change occurs almost exclusively in region I of mitoNEET. The lack of pH-induced changes in the H87C spectra supports the absence of significant global conformational changes in the pH range of 6.2-8.0.
Finally, the influence of buffer on the resonance Raman spectra supports the interpretation that alterations in Fe-His structure affect region I of mitoNEET. Recently, the crystal structure of mitoNEET in phosphate showed an interaction between His87 and a surface-bound phosphate molecule (14) with no evidence for buffer permeation into the protein or global conformational changes. The close interaction of the phosphate molecule and His87 is reflected in region I; specifically, there is a change in relative intensity for mitoNEET in phosphate and Tris buffers measured at the same pH (Figure 4 ). This buffer effect is not observed in the H87C mutant spectra. Thus, the effect is ascribed to close interaction between the phosphate molecule and His87.
Proposed Mechanism of pH Sensitive Cluster Release Supported by Raman Data. The physiologically relevant pK a of histidine residues makes His87 a likely candidate for modulating the lability of the metal cluster in mitoNEET. There are two titratable protons on a histidine residue, shown in Scheme 1. The pK a of N δ of the free, unligated histidine (net charge of +1 to 0) is ∼6.1 in solution (34) and varies widely from ∼4 to 8 in a protein (35) . For iron-ligated histidine, a decrease in pH below the pK a results in cleavage of the Fe-N bond; for example, in myoglobin and cytochrome c, native and non-native ligating histidine residues exhibit pK a values of 2.0-5.2, and the Fe-N bond may be cleaved at acidic pH (36, 37) . To the best of our knowledge, there is no published study of pH-induced cleavage of a Fe-N bond in Rieske proteins. Previous studies of the pH dependence of Rieske proteins have probed deprotonation of N ε (net charge of 0 to -1) at pH 7.5-11.9 (10, 11, 27, 38, 39) . It is not clear whether the protonation event observed in the current resonance Raman spectra of mitoNEET is at N δ or N ε . However, our observation that the metal cluster is labile at mildly acidic pH combined with the pH-dependent spectral changes suggests that the energy required for Fe-N bond cleavage of the single histidine residue is modulated within the physiological pH range. We hypothesize that at pH 6.2, there is an increase in the population of the more labile metal cluster; this shift in population is reflected in the change in relative intensities in region I.
In this scenario, protonation of N δ or N ε at low pH is likely the first, but not rate-limiting, step prior to cluster loss. Although our data show a concomitant overall decrease in Raman and absorption peak intensities as a result of cluster loss over a 2-4 h period, there were no systematic shifts in the Raman peak positions or relative intensities over this same period. It is unlikely that there is a kinetic barrier to protonation because His87 is generally solvent-exposed. It is feasible that upon cleavage of the Fe-His bond, the cluster is no longer stabilized in the (His)(Cys) 3 binding pocket. We hypothesize that flexibility of the free His87 residue is critical to the rate of cluster loss. Partial burial of His87 by the phosphate moiety reduces the flexibility of His87, and this reduced flexibility is consistent with our observation that the rate of cluster loss is reduced in phosphate relative to Tris buffer.
While our results support the proposed model of His87 protonation at physiological pH, we cannot conclude that His87 is solely responsible for the pH sensitivity. There are other titratable sites near the cluster. One candidate is Asp84, whose side chain carbonyl oxygen is 3.6 Å from a bridging sulfur. The D84N mutant had the same absorption spectrum and behaved similarly to the native protein in terms of stability at pH 6.0 (12) , suggesting that Asp84 is not directly responsible for metal cluster lability, and that the pK a of the Asp84 residue in mitoNEET is raised above its typical solution pK a value of ∼4.4. Another candidate for protonation is His58, which has an imidazole nitrogen atom 3.1 Å from Arg73; the hydrogen bonding network around Arg73 is significant because Arg73 is between two of the ligating cysteine residues, Cys72 and Cys74 (see Figure 1 ). Scheme 1: pH-Mediated Effect on Histidine Protonation States a a pK 1 and pK 2 are the N δ and N ε pK a values, respectively. pK 1 is ∼6 in solution, and pK 2 has been reported to be in the range of 7.5-11.9 in Rieske centers (10, 34, 38) .
Preliminary data for the H58N mutant indicate that H58N behaves like native mitoNEET in terms of stability, suggesting that protonation of H58 is not critical to cluster lability. These mutation studies support the identification of His87 as the critical residue that modulates cluster release; nonetheless, we continue to pursue these and other mutation studies to gain an in-depth understanding of the functional role of mitoNEET.
Conclusion and Implications for Future Work. A significant result of the current work is identification of resonance Raman peaks in the 250-300 cm -1 region that likely report on changes in the local structure of the Fe-His moiety of a naturally occurring Fe 2 S 2 (His)(Cys) 3 protein. Since release of the metal cluster appears to be modulated by the ligating histidine residue within the physiological pH range, the data presented here set important foundations for probing interactions of mitoNEET with potential targets that alter its lability and, hence, possibly its function. One important target is anti-diabetic drugs, such as TZDs; our previous finding that TZDs stabilize the metal cluster motivates ongoing resonance Raman work for determining whether these and other diabetes-related drugs bind near the metal cluster. Our results illustrate that such interactions can be successfully monitored with resonance Raman spectroscopy.
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